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Chirality is a recurrent theme in the study of biological systems, in which active processes are
driven by the internal conversion of chemical energy into work. Bacterial flagella, acto-myosin
filaments and microtubule bundles are active systems which are also intrinsically chiral. Despite
some exploratory attempt to capture the relations between chirality and motility, no intrinsically
chiral system has ever been analyzed so far. To address this gap in knowledge, here we study
the effects of internal active forces and torques on a three-dimensional droplet of cholesteric liquid
crystal (CLC) embedded in an isotropic liquid. We consider tangential anchoring of the liquid
crystal director at the droplet surface. Contrary to what happens in nematics, where moderate
extensile activity leads to droplet rotation, cholesteric active droplets exhibit a lot more complex
and variegated behaviors. We find that extensile force dipole activity stabilises complex defect
configurations whose orbiting dynamics couples to thermodynamic chirality to propel screw-like
droplet motion. Instead, dipolar torque activity may either tighten or unwind the cholesteric helix,
and if tuned can power rotations with an oscillatory angular velocity of zero mean.
Chirality is a generic feature of most biological mat-
ter [1–3]. A right-left asymmetry may arise at either the
microscopic or macroscopic level, and be due to ther-
modynamic (passive) or non-equilibrium (active) effects.
For instance, a microtubule-motor mixture breaks chiral
symmetry in two ways. First, microtubules are intrin-
sically helical [4]. Second, kinesin or dynein motors ex-
ploit ATP hydrolisis to twist their long chains and apply
a nonequilibrium active torque on the fibres they walk
along [5]. Similarly, bacteria such as Escherichia coli, but
also sperm cells, are equipped with long helical flagella.
Motor proteins anchored to the cellular membrane gen-
erate torques to impart rotational motion on the flagella,
whose helix generates a flow in the viscous environment
leading to cell propulsion [6, 7].
Biological fluids are active, as they are internally
driven by the constant injection of energy, which pre-
vents them from relaxing towards any thermodynamic
steady state [8]. A simple and successful theory to model
an active fluid is to approximate each of its microscopic
constituents (e.g., a microtubule or a single bacterium)
as an entity which exerts a dipolar force on the environ-
ment [9]. The dipole direction introduces orientational
order resembling that of liquid crystals (LC). The result-
ing active nematic has been found, both experimentally
and numerically, to develop unexpected and striking be-
haviors such as spontaneous flow, active turbulence and
superfluidic states [10, 11]. Much effort has been spent
in the last decades to capture the essential dynamics of
active fluids, ranging from multi-particle models to con-
tinuum theories [12–14]. The theory has been able to cap-
ture experimentally observed features like turbulent-like
patterns in 2d bacterial films [15], or spatiotemporal pat-
tern formation and topological defect dynamics in active
emulsions containing microtubule-kinesin mixtures [16].
Understanding the outcome of the interplay between
chirality and activity is an important and timely ques-
tion. In stark contrast with the case of achiral active ne-
matics, which has commanded a lot of attention in recent
years, much less is known about the dynamics of chiral
active systems [17–19]. Previous work has mainly fo-
cused on cases where chirality only enters the system be-
cause of activity, in the form of a nonequilibrium torque
dipole [17, 18]. Instead, we consider here a system which
is inherently chiral and apolar, and so can be modelled
– in the passive phase – as a cholesteric liquid crystal
(CLC) [20, 21]. Specifically, here we study a 3d active
CLC droplet with tangential orientation of the director
at its surface. In this setup, an active nematic droplet can
only sustain uniform rotational motion, driven by bend
deformations localised around the equatorial circle of the
droplet (Fig. 1). Instead, an intrinsically chiral droplet
displays a much richer dynamical behaviour. First, we
find that a force dipole activity enables a new motility
mode, where the rotational motion of the surface defects
is converted into propulsion. This mechanism requires
chirality to reconfigure the pattern of surface defects. It
is not possible in a nematic, where the symmetry in de-
fect position prevents any translational motion. Second,
a torque dipole activity sets up a sustained mirror rota-
tion of two pairs of disclinations which periodically ad-
sorb onto and depin from the droplet surface. Again, no
such state can be found in an originally nematic system.
We also characterise how the active flow and orientation
patterns evolve as the ratio between the droplet size and
pitch increases.
The ordering properties within the CLC droplet are
described, in the uniaxial limit, by the nematic ten-
sor Q = S(nn − I/3), where the director field n is a
unit head-less vector describing the local average ori-
entation of the components and S is a scalar field ex-
pressing the degree of order. The equilibrium proper-
2ties are derived by a suitable Landau-De Gennes free
energy functional, F , of which key parameters are the
equilibrium cholesteric pitch p0 and the ratio between the
droplet diameter and the pitch, N ≡ 2R/p0, which also
counts the number of windings of the director within the
droplet. Activity is introduced through a coarse grained
description of force and torque dipoles [22]. These re-
sult in a non-equilibrium stress tensor that can be re-
spectively expressed as σafαβ = −ζφQαβ (force dipoles)
and σatαβ = −ζ¯ǫαβµ∂ν(φQµν) (torque dipoles), where φ is
the concentration of active material, ǫαβµ the Levi-Civita
tensor, while ζ and ζ¯ are proportional to the strength of
active force and torque dipoles respectively. Positive val-
ues of ζ correspond to extensile force dipoles, whereas if
ζ < 0 the force dipole activity is contractile. For active
torque dipoles, a positive value of ζ¯ corresponds to an
outward pair of torques, similar to that used to open a
bottle cap. This is, for instance, at the base of the motil-
ity of some flagellate bacteria, such as E. Coli : in this
case the body rotate clockwise, while the flagella rotate
anti-clockwise. Conversely, ζ¯ < 0 correspond to an in-
ward torque pair, similar to that used to close a bottle
cap. Unless otherwise stated, here we restrict for con-
creteness to the case where ζ > 0 and ζ¯ < 0.
RESULTS
Nematic droplet with active force dipoles:
spontaneous rotation
We start by describing the dynamics of a nematic
droplet (infinite pitch, or N = 0), with active force
dipoles – this is a useful limit to which the chiral results
will be compared. In this system, the main control pa-
rameter is the dimensionless activity θ = ζR2/K, which
measures the relative contribution of activity and elastic-
ity (see Materials and Methods, where we also provide a
possible mapping between simulation and physical units).
The active nematic case has been previously studied in
the literature [23], although never for tangential anchor-
ing in 3d.
As the dimensionless activity θ is increased, we observe
three possible regimes. For low values of θ the droplet is
static, and the director field attains a boojum-like pat-
tern, with two antipodal surface defects of topological
charge +1. This is one of the patterns which can be
found in a passive nematic droplet with tangential an-
choring, and satisfies the hairy-ball theorem [24] which
states that the sum of the topological charges of a vector
field tangential to a closed surface is equal to its Euler
characteristic (which is+2 for a sphere). As activity is in-
creased, this quiescent phase gives way to another regime,
where the droplet spontaneously rotates in steady state
(Fig. 1, "SI Appendix, Movie 1"). The quiescent droplet
has spherical symmetry, whereas it deforms in the rotat-
Figure 1. Active nematic droplet. Panel (a) shows the config-
uration of the director field n on the droplet surface for the
case in the rotational regime at ζ = 10−3. Two stationary +1
boojums are formed at antipodal points in the x direction.
The inset in panel (a) shows the director field in proximity of
the boojum framed with a white box. Bending deformations
occur transversally to the long axes of the droplet and gener-
ate an active force in the direction of the yellow arrow, thus
powering rotational motion in the yz plane. Panel (c) shows
the velocity field on the equatorial cross section of the droplet,
depicted with a dashed white line in panel (a). The flow, in-
duced and sustained by energy injection due to the bending
deformations in the nematic pattern, exhibits four-fold sym-
metry. In panel (b) the spherical and cylindrical deformation
parameters (see Material and Methods for their definitions)
are used to characterize the transition from the quiescient
state first to the rotational regime and then to the chaotic
regime. Analogously panel (d) shows the angular velocity
and the free energy as the activity parameter ζ is varied.
ing phase, attaining the shape of a prolate ellipsoid of
revolution (the asphericity parameter though shows only
up to ∼ 10% variation from a sphere, Fig. 1a,b). The
director field on the droplet surface exhibits bending de-
formations, typical of extensile suspensions [1, 8], that
are strongest at the equator. They act as a momentum
source (see yellow arrow in Fig. 1a), hence power stable
rotational motion. The flow has the pattern of a single
vortex inside the droplet, which is stronger close to the
surface. The rotational flow exhibits four-fold symmetry
in the equatorial plane, and is compensated by a counter-
acting velocity field outside the droplet – ensuring overall
angular momentum conservation. The rotational veloc-
ity, ω, is linearly proportional to the activity ζ. This
scaling can be rationalised by dimensional analysis, or
by equating the torque per unit volume introduced by
activity, which should scale as ζ, to the one which is dis-
3Figure 2. Screw-like propulsion in a chiral droplet with active force dipoles. Panels (a-e) show snapshots at different times
of a chiral active droplet for the case at N = 2 and ζ = 10−3. The contour-plot of the biaxility parameter on the droplet
surface serves to identify the position of the two +1 defects, labelled with Greek letters α and β, whose configuration can be
appreciated by looking at panel (f). The screw-like rotational motion generates a strong velocity field in the interior of the
droplet in proximity of the two defects. The velocity field is plotted in panel (g) on a plane transversal to the plane of rotation
of the two defects (dashed line in panel (f)). The inset shows the contour plot, on the same plane, of the Qxx component of
the Q-tensor, exhibiting an arrangement similar to the radial spherical structure. Panel (h) shows the time evolution of the
angular velocity of the droplet for some values of ζ. The inset shows the mean angular velocity and the translational velocity
of the droplet as a function of ζ both for N = 2 and N = 3. Panel (i) summarizes the droplet behavior as a function of ζ and
N .
sipated, given by γ1ω, where γ1 is the rotational viscosity.
For still larger θ, the droplet rotates and moves in a
chaotic manner. This regime is the droplet analogue of
what is known as active turbulence [25, 26]– the chaotic
dynamics observed in an active nematic fluid. In the
chaotic regime, motion is random and the cylindrical
symmetry of the droplet shape is lost (Fig. 1b). Defect
dynamics on the surface is also erratic, and we observe
the nucleation of additional defects, not present in the
quiescent or rotating regimes. These defects are topo-
logically the ends of disclination lines which often depin
from the surface and pierce the interior of the droplet ("SI
Appendix, Movie 2"). The onset of the chaotic regime
is due to the fact that the energy coming from activity
can no longer be dissipated by a regular rotation, but
is used up to generate additional defects on the surface.
As the chaotic regime sets in – characterized by the loss
of cylindrical symmetry – concurrently the free energy
of the system decreases (Figs. 1d,f), signalling that the
shape change is thermodynamically favoured. The subse-
quent increase in F at larger θ is due to defect nucleation.
4Figure 3. Disclination dance in a chiral droplet with active torque dipoles. Panels (a-d) show snapshots of the droplet and
the disclination lines for the case at N = 1 and ζ¯ = −5 × 10−3. The four +1/2 defects rotate in pairs in opposite directions
(top defects rotate anti-clockwise, while bottom defects rotate oppositely). As the defects rotate the two disclination lines first
create a link (b), then they recombine (c) and finally relax into a configuration close to the initial one (a) but rotated. The
angular velocity, null on average, oscillates from positive to negative values as shown in panel (e). Here the time evolution of
the free energy shows that F oscillates with a double frequency. Inset shows the behavior of ωy and F in the region framed
with the black box. Marked dots here denote the points corresponding to the snapshots.
Cholesteric droplet with active force dipoles:
screwlike propulsion
We now consider the case of a cholesteric droplet, still
with active force dipoles only. We consider the case where
the twist in equilibrium is right-handed (the left-handed
case is mirror symmetric). The two key control parame-
ters are now θ and N . For a fixed value of N , increasing
ζ again leads to three possible regimes, as in the ne-
matic limit. For sufficiently large cholesteric power (e.g.,
N = 2, Fig. 2), the first active regime encountered is,
however, fundamentally different from the rotating phase
of active nematics. Now the surface defect pattern is a
pair of nearby +1 defects, reminiscent of a Frank-Price
structure which is seen in passive cholesterics, but only
with much larger N (N ≥ 5 [21]). The configuration of
director field which we observe is known as radial spheri-
cal structure [20, 27], with some additional distortions in
the cholesteric layers due to activity (as suggested by the
inset in Fig. 2g that gives an insight into the cholesteric
arrangement in the interior of the droplet). There is a
suggestive analogy between this structure and a magnetic
monopole – representing the radial orientation of the he-
lical structure at the droplet centre – with its attached
Dirac string [27, 28], joining the centre of the droplet
with the defect pair. In our simulations the latter repre-
sents the region of maximal layer distortion and energy
injection, as suggested by the intensity of the velocity
field, plotted in Fig. 2g.
The two surface defects rotate around each other
(Fig. 2a-e): as they do so, the droplet undergoes a global
rotation with oscillating angular velocity (Fig. 2h and "SI
Appendix, Movie 3"). Remarkably, this time the rota-
tion is accompanied by a translation along the direction
of the rotation axis – thereby resulting in a screwlike
motion, with the axis of the rototranslation parallel to
the Dirac string. This motility mode is compatible with
the chiral symmetry of the system, which introduces a
generic non-zero coupling between rotations and trans-
lations. The strong deformations induced by the two
nearby rotating +1 surface defects are responsible for the
intense flow that develops inside the droplet and is max-
imum at the rear (Fig. 2g). This active flow is the one
powering propulsion. The symmetry of the flow corre-
sponds to that of a macroscopic pusher. Mechanistically,
therefore, activity is required to power droplet rotation,
and chirality is needed to couple rotation to motion. As
the motion is screwlike, the linear and the angular veloc-
ity are proportional to each other – a similar argument to
that used for active nematics also shows that they should
5both scale approximately linearly with θ, and we found
this to hold for our simulations (Fig. 2h, inset).
A phase diagram in a portion of the (N, ζ) plane is
shown in Fig. 2i. The results – which are indepen-
dent of the (random) initial conditions for the param-
eter range explored here– show that for small activity
the droplet sets into a quiescent regime indipendently of
the cholesteric power. This state is characterized by weak
bending deformation of the LC network on the droplet
surface, which are not enough to power any self-sustained
motion. As activity is increased different behaviors arise:
for weak cholesteric power (N 6 1) stationary rotational
motion sets up, while screwlike propulsion needs the de-
fects to relocate to one hemisphere creating a dipolar pat-
tern. This is found to be only possible for a limited range
of ζ and only for N = 2, 3. Indeed, at higher cholesteric
power (N > 4), the droplet sets into the chaotic phase
even at intermediate activity, a regime characterized by
defect nucleation and disordered droplet motility that
can be found at any N for sufficiently large values of
ζ.
Cholesteric droplets with active torque dipoles:
rotation and disclination dance
We next consider the case of a cholesteric droplet with
active torque dipoles. These are able to introduce a
nonequilibrium twist in a nematic droplet [29], whose
handedness may reinforce or oppose the handedness of
the thermodynamic twist, which is determined by q0.
The strength of the nonequilibrium twist can be mea-
sured by the dimensionless number θ¯ = |ζ¯|R/K, whilst
that of the equilibrium one can be assessed by N .
We find that the most interesting dynamics, in the case
of a right-handed equilibrium twist (q0 > 0), occurs for
ζ¯ < 0 (inward torque dipole, leading to a conflict between
the nonequilibrium and equilibrium twist). In this situ-
ation, for N = 1, we find that the droplet is pierced by
two disclination lines which end in +1/2 surface defects
at ζ¯ = −5×10−5. The droplet regularly alternates oppo-
site sense rotations, along ±yˆ, which are tightly regulated
by the disclination dynamics (Fig. 3 and "SI Appendix,
Movie 4"). The helical axis is here approximately par-
allel to zˆ, with the director almost parallel to xˆ in the
centre of the droplet. At the beginning of the rotation
cycle shown in Fig. 3, the disclinations wind once around
each other in a right-handed fashion. Equivalently, if
we were to orient both the disclinations along the pos-
itive yˆ axis, we can associate the single crossing visible
in the projection of Fig. 3a with a positive writhe [30]
(as the top disclination can be superimposed on the bot-
tom one via an anticlockwise rotation). As the system
evolves, due to the internal torque dipoles, the pair of
surface defects in the top hemisphere rotates counter-
clockwise, while that in the bottom hemisphere rotates
clockwise (Fig. 3b). This motion increases the winding of
the disclinations, until they rewire to form two separate
right-handed helices (Fig. 3c – if we were to extend the
two disclinations along zˆ, they would be unlinked). The
regular switches in the sense of droplet rotation beat the
time of the disclination dance visualised in Fig. 3a-d. Ro-
tation inversion occurs just at the time when the defect
rewiring happens, as a result of the top/bottom asymme-
try in the disclination configuration. Becase the surface
defects are the regions of strongest elastic deformation,
their location determines the vortical flow pattern. Upon
rewiring, the relative contributions of the defects in the
top and bottom hemispheres change, and this dictates
the change in sense of rotation. We find that the evo-
lution of the angular velocity mirrors that of the overall
free energy of the system, with a small time delay: we
argue that this is because the stress stored in the elastic
deformations plays a large role in powering the motion.
The frequency of the free-energy oscillation is twice that
of the angular velocity fw (see panels (e-f)), a behav-
ior in line with the fact that configurations in panel (a)
and (d) are specular with respect to the rotation plane
and energetically equivalent.
Unlike in the active nematic case, where rotation is
powered by force dipoles, here the dynamics is driven by
torque dipoles. The different physics leaves a signature
in the scaling of the (maximal) angular velocity, which
now can be estimated as |ζ¯|/R from dimensional analy-
sis. We confirmed this behavior by simulating cholesteric
droplets of different radius, ranging from R = 18 to 32,
keeping fixed the pitch of the cholesteric helix p0 = 64.
The properties of a cholesteric droplet fueled by torque
dipoles is highly sensitive to both the active doping and
the twisting number N . Indeed, the dynamics described
so far at N = 1 is stable only for a limited range of ac-
tivity (5 × 10−3 6 |ζ¯| 6 12 × 10−3). Small values of |ζ¯|
(< 5×10−3), are not enough to excite the splitting of the
two boojums and generate instead bending deformations
of the LC pattern at N = 1, similar to those shown in
Fig. 1a. In this case the droplet sets into a stationary
rotational motion characterized by small angular veloc-
ity (|ω| ∼ O(10−6)) ("SI Appendix, Fig. 1"). If activity
exceeds a critical threshold, |ζ¯| > 12 × 10−3, nucleation
of further defects on the droplet surface leads to droplet
deformation with consequent chaotic dynamics ("SI Ap-
pendix, Fig. S1"). The competition between active and
equilibrium chirality has important effects when N is
changed. Indeed, a further key dimensionless number
to determine the behaviour of a cholesteric droplet with
active torque dipoles is ζ¯/(q0K), or equivalently, the ra-
tio between the pitch and the “active torque length” K/ζ¯.
The latter can be thought of as the nonequilibrium pitch,
or the modulation in twist due to the action of the ac-
tive flow. We would then expect that for larger q0 (i.e.,
larger N at fixed R), a rotating regime as in Fig. 3 can
be obtained by increasing ζ¯. Our simulations confirm
6that the range of stability of stationary rotation widens
as N is increased, while the set up of the mirror rotation
regime moves towards more intense |ζ¯|. Nevertheless, if
N > 4, the droplet directly moves from the rotational
to the chaotic regime, analogously to what happens in a
cholesteric droplet fueled by force dipoles only.
It is notable that the disclination dance which we ob-
serve at intermediate |ζ¯| is also reminiscent of that seen
experimentally in active nematic shells [4, 23, 31] made
up of microtubule-molecular motor mixtures. Despite the
different geometry, our results suggest that active torque
dipoles can provide an alternative mechanism powering
rotation.
DISCUSSION AND CONCLUSIONS
In this work, we have analysed the hydrodynamic in-
stabilities of an active chiral nematic droplet with tan-
gential anchoring. We introduced activity as either a
collection of dipolar forces or torques. Our simulations
show that the interplay between activity and thermody-
namic chirality in a 3d fluid droplet leads to a strikingly
rich phenomenology. This includes screwlike droplet mo-
tion – for dipolar active forces – and global rotation with
periodic sense inversion – for dipolar active torques.
Screw-like motion arises due to the coupling between
thermodynamic chirality and a rotational flow, which is
powered by extensile dipolar force activity due to sponta-
neous bend deformation at the droplet surface and its in-
terior, compatible with tangential anchoring. This motil-
ity mode is therefore a rototranslation that is similar to
that performed by a helical propeller. For a fluid with
active torque dipoles, instead, global rotations with in-
termittent sense arise when the active torque favours a
different twist with respect to that introduced by the
thermodynamic chirality. Here the rotation is coupled
to the rotation of helical disclination lines which pierce
the droplet interior. For both screw-like and intermit-
tent rotation, the surface defects arising due to tangen-
tial anchoring play a fundamental role. For the former
phenomenon, defect rotation – induced by activity – is
converted into translatory motion due to the underly-
ing chirality. For the latter, disclination rewiring deter-
mine the change in rotation sense. The mechanisms un-
derlying motility regimes are therefore defect-dependent,
and qualitatively different from those analysed in [29],
which occur in defect-free droplets, but are associated
with large deformation of the droplet shape.
It is of interest to think of the generic models devel-
oped in this work with respect to the dynamics of self-
motile and rotating living active gels, which are found in
bacterial and eukaryotic cells. In both cases, the cyto-
plasm includes chiral cytoskeletal filaments, composed of
either MreB or actin, which are dynamical helical fibre
and which, in the absence of any activity, would self-
assemble into cholesteric phases. Additionally, molecular
motors walking on such helical fibres will create active
forces and torque dipoles, either in the bulk or in a cor-
tex close to the surface. In some cases, such as that of
Spiroplasma bacteria, or of single-cell parasites [32–34],
screw-like motility is observed. This has often been as-
sociated to the twisting or rotation of cytoskeletal fila-
ments, which generates translatory motion, so that the
underlying mechanism is that of a helical propeller, as in
our droplets in Fig. 2. Our results, together with those
previously reported in [29], show that there are multiple
motility modes which chiral active microorganism may
employ, and it would be of interest to look more closely
for analogues of these in nature.
Our novel active cholesteric droplets may also be re-
alised in practice by self-assembling active liquid crys-
talline droplets synthetically (a possible mapping be-
tween numerical and physical units has been provided
in the Material and Methods section, based on similar
(nematic) experimental systems [16, 23]). This could be
done, for instance, by using active nematics with a chi-
ral dopant [16]. Although these systems usually form
shells on the interface of an oil-water emulsion, we ex-
pect that a sufficiently thick shell would behave in a
qualitatively similar way to our droplets. In these ac-
tive liquid crystal shells, anchoring of the director field
(the microtubule orientation in [16]) is tangential as in
our droplets, so defect topology should play a key role
for both systems. Another potential candidate system is
a cholesteric DNA or chromatin globule interacting with
molecular motors [35, 36].
MATERIAL AND METHODS
We considered an incompressible fluid with mass den-
sity ρ and divergence-free velocity v(r, t). A scalar,
globally conserved concentration field φ(r, t) and the Q-
tensor respectively account for the concentration of ac-
tive material and its orientational order. The equilib-
rium properties are described by means of the Landau-De
Gennes free energy functional:
F [φ,Qαβ ] =
∫
dV
[
a
4
φ2(φ− φ0)
2 +
kφ
2
(∇φ)2
+A0
[
1
2
(
1−
χ(φ)
3
)
Q2 −
χ(φ)
3
Q3 +
χ(φ)
4
Q4
]
+
KQ
2
[
(∇ ·Q)2 + (∇×Q+ 2q0Q)
2
]
+W (∇φ) ·Q · (∇φ)
]
,
(1)
where the constants a,kφ define the surface tension and
the interface width among the two phases, whose minima
are found in 0 and φ0. The liquid crystal phase is confined
in those regions where χ(φ) = χ0 + χsφ > 2.7, with
χ0 = 10χs = 2.5. The gradient terms in KQ account
7for the energy cost of elastic deformations in the one-
constant approximation, while |q0| = 2π/p0, where p0 is
the pitch of the cholesteric helix (q0 > 0 for right-handed
chirality). Tangential anchoring is obtained for W < 0.
The dynamical equations governing the evolution of the
system are: (i) a convection-diffusion equation for φ
∂tφ+∇ · (φv) = ∇ ·
(
M∇
δF
δφ
)
, (2)
where M is the mobility parameter; (ii) the Beris-
Edwards equation for the Q-tensor:
(∂t + v · ∇)Q− S(∇v,Q) = ΓH, (3)
where S(W,Q) is the strain-rotational derivative (see "SI
Appendix"), Γ is the rotational viscosity andH = − δF
δQ
+
I
3
Tr
(
δF
δQ
)
is the molecular field; (iii) and the Navier-
Stokes equation:
(∂t + v · ∇)v = ∇ ·
[
σpass + σact
]
. (4)
We split the stress tensor contribution into a passive and
an active term. The first one accounts for the dissipa-
tive/reactive contributions (see "SI Appendix"), while
the active stress tensor is given by:
σactαβ = −ζφQαβ − ζ¯ǫαµν∂µ(φQνβ). (5)
The dynamical equations have been integrated by
means of a hybrid lattice Boltzmann method starting
from random initial configurations of the confined LC.
The spherical and cylindrical deformation parameters
have been computed as dmin/dmax and dmin/dmed re-
spectively, with dmax > dmed > dmin the time-averaged
eigenvalues of the positive-definite Poinsot matrix asso-
ciated to the droplet. More details on the methods to
compute the angular velocity and the degree of biaxial-
ity of the LC are discussed in "SI Appendix".
Mapping simulation units to physical ones is non-
trivial as we do not yet accurately know hydrodynamic
parameters for most active matter systems. Neverthe-
less, by following previous studies [13, 37], an approxi-
mate mapping – for an active gel made up of cytoskele-
tal filaments and molecular motors – can be obtained
by equating one length, time and force simulation units
to respectively L = 1µm, τ = 10ms and F = 1000nN .
With this choice, ζ = 10−4 corresponds to an active stress
of 1 kPa, whilst the typical active lengthscale la ≡
√
K/ζ
and timescale τa ∼
η
ζ
are (for our choice ofK and η) ∼ 10
µm and ∼ 1s respectively. More details, and a Table to
convert between simulations and physical units, are given
in the "SI Appendix".
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9SI APPENDIX
ACTIVE TORQUE DIPOLES
We discuss here additional results concerning the prop-
erties of a cholesteric droplet fueled by torque dipoles.
As discussed in the main text, the scenario in this case
is highly sensitive both at varying the intensity of ac-
tive doping and the cholesteric power of the LC. The
disclinations dance, described in Fig. 3 of the main text
for N = 1, survives at higher N only for sufficiently
high values of |ζ¯|. Our simulations confirm, that the
range of stability of stationary rotation widens as N
is increased, while the set up of the disclination dance
regime moves towards more intense |ζ¯| (Fig. 4a,d,b,e).
Moreover, if active doping exceeds a critical threshold,
|ζ¯| > 12×10−3, nucleation of further defects (see Fig. 4c)
on the droplet surface leads to droplet deformation with
consequent chaotic dynamics (Fig. 4 f). Moreover, if
N > 4, the droplet directly moves from the rotational
to the chaotic regime, analogously to what happens in a
cholesteric droplet fueled by force dipoles only (see phase
diagram in Fig. 2i of the main text).
METHODS
The dynamical equations have been integrated by
means of a hybrid lattice Boltzmann (LB) method [38,
39], where the hydrodynamics is solved through a
predictor-corrector LB algorithm, while the dynamics
of the order parameter has been treated with a finite-
difference approach implementing a first-order upwind
scheme and fourth-order accurate stencils for the com-
putation of spacial derivatives. The numerical code has
been parallelized by means of Message Passage Interface
(MPI), by dividing the computational domain in slices
and by implementing the ghost-cell method to compute
derivatives on the boundary of the computational sub-
domains. Runs have been performed using 24, 32 or 64
CPUs in three-dimensional geometries, on a computa-
tional box of size 1283 or 1003, for at least 2× 106 lattice
Boltzmann iterations (corresponding to ∼ 12d of CPU-
time). Periodic boundary conditions have been imposed.
The director field has been randomly initialized inside
the droplet and posed to 0 outside.
The strain-rotational derivative appearing in the Beris-
Edwards equation (Eq. [3] of the main text) accounts for
the advective and orientational response of the LC to the
flow and its explicit expression is given by:
S(W,Q) = (ξD+Ω)(Q+ I/3) + (Q+ I/3)(ξD−Ω)
− 2ξ(Q+ I/3)Tr(QW), (6)
with D and Ω respectively denoting the symmetric and
asymmetric part of the velocity gradient tensor W =
∇v. The parameter ξ controls the aspect-ratio of the
liquid crystal molecules and aligning properties to the
flow (we chose ξ = 0.7 to consider flow-aligning rod-like
molecules).
The passive stress tensor, accounting for the dissipa-
tive/reactive contributions to the Navier-Stokes equation
(Eq. [4] of the main text), can be expressed as the sum of
the isotropic pressure σhydroαβ = −pδαβ, with p the hydro-
dynamic pressure, and the viscous stress σviscαβ = 2ηDαβ,
with η the shear viscosity. The dynamics of the two order
parameters φ and Q affect the hydrodynamics through
the following passive terms:
σbm =
(
f −
δF
δφ
)
δαβ −
δF
δ(∂βφ)
∂αφ, (7)
where f is the free energy density,
σelαβ = −ξHαγ
(
Qγβ +
1
3
δγβ
)
− ξ
(
Qαγ +
1
3
δαγ
)
Hγβ
+ 2ξ
(
Qαβ −
1
3
δαβ
)
QγµHγµ +QαγHγβ −HαγQγβ.
(8)
The values of free energy parameters are a = 0.07,
kφ = 0.14, A0 = 1, KQ = 0.01, and W = 0.02. The rota-
tional diffusion constant Γ is set to 2.5, while the diffusion
constant to M = 0.1. All physical observables have been
reported in lattice units, as usual in computational works
on active matter.
The angular velocity of the droplet has been computed
as: ω =
∫
drφ
∆r×∆v
|∆r|2
, where ∆r = r − R and ∆v =
v−V, being R and V respectively the position and the
velocity of the center of mass of the droplet. The degree
of biaxiality of the LC has been computed by following
the approach of Ref. [40] as the second parameter of the
Westin metrics cp = 2(λ˜2 − λ˜3), where λ˜1, λ˜2 and λ˜3
(with λ˜1 ≥ λ˜2 ≥ λ˜3) are three eigenvalues of the positive
definite diagonalised matrix Gαβ = Qαβ + δαβ/3.
MAPPING WITH PHYSICAL UNITS
By following previous studies [13, 37], an approximate
relation between simulation and physical units (for an
Model parameters Simulation units Physical units
Shear viscosity, η 5/3 1.67 KPas
Elastic constant, KQ 0.01 50 nN
Shape factor, ξ 0.7 dimensionless
Diffusion constant, D =Ma 0.007 0.06 µm2s−1
Activity, ζ 0− 0.002 (0− 20) KPa
Table I. Mapping of some relevant quantities between simu-
lations units and physical units.
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active gel of cytokeletal extracts) can be obtained us-
ing as length-scale, time-scale and force-scale respectively
L = 1µm, τ = 10ms and F = 1000nN . A mapping of
some relevant quantities is reported in Table I.
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Figure 4. Active torque dipoles. Panel a shows a snapshot of the droplet and the disclination lines for the case at N = 2 and
ζ¯ = −7 × 10−3. In this case the droplet sets into rotational motion (notice the difference of the order of magnitude of the
angular velocity in panel d with respect to the analogue cases presented in the main text for a droplet fueled by force dipoles
only). Panel b and e show the case at N = 2 and ζ¯ = −10−2, characterized by the dancing of the disclination lines. Panel c
shows a snapshot of the droplet and its disclination lines for the case at N = 4 and ζ¯ = −10−2, in the chaotic regime – see
panel f – characterized by nucleation of surface defects (panel c).
